A phylogenetic-like tree of structural fragments has been constructed to extract useful insights from a structural database of bitter molecules. The tree of structural fragments summarizes the substructural groups present in the molecules from the bitter database. These structural fragments are compared with a large number of random molecules to highlight substructures specific to bitter molecules. This organization of the structures enabled the detection of structure-activity relationships for the bitter molecules through the construction of R-tables. Key structural groups, able to distinguish between bitter and random molecules, were identified through an analysis of the tree. This information can be used to further understand which structural components are involved in producing a bitter taste.
Introduction
Many functional food ingredients, compounds that have beneficial effects on health, have been found to elicit a bitter taste. This is clearly an undesirable feature in most foodstuffs and is likely to lead to rejection by the consumer. Bitter taste perception is thought to have evolved as a mechanism to prevent the ingestion of potential toxins. However, many bitter compounds, such as plant-based phenols and flavonoids, can be beneficial in small amounts despite being toxic at higher concentrations (Ames et al., 1990) . To reap the health benefits of these compounds the bitter taste must be managed in a way that is acceptable to the consumer. A large range of molecules is known to confer a bitter taste, including organic molecules, peptides, inorganic ions and salts. Of the five basic tastes: sweet, bitter, sour, salty and umami, bitter appears to be the most complex . Sweet-tasting molecules require a hydrogen bond donor group and hydrogen bond acceptor group (Shallenberger and Acree, 1967) , often in addition to a hydrophobic group (Kier, 1972) , in order to exert a sweet taste. Bitter molecules can be structurally very similar to sweet molecules with only minor alterations rendering previously sweet molecules bitter (Drewnowski, 2001) ; for example, aspartame is sweet and one of its stereoisomers is bitter. Bitterness and sweetness are clearly closely related, but, partly as a consequence of such a diverse range of molecules being involved, bitterness is poorly understood.
Sour and salty taste is exerted through specialized membrane ion channels (Chadwick et al., 1993) , whereas sweet, bitter and umami taste operate via G protein-coupled receptors. It is currently agreed that 25 human G protein-coupled receptors mediate bitter taste (TAS2Rs); these have been identified through molecular cloning and functional studies Chandrashekar et al., 2000) . A large number of receptors is required to accommodate the diverse range of bitter molecules; however, there is very little information detailing which molecules are associated with which receptors. This is due in part to the difficulties involved in functionally expressing the bitter receptors in cultured mammalian cell lines (Pronin et al., 2004) . In addition, there is no distinction in the signal produced from the different bitter receptors, preventing people from being able to discriminate between different bitter molecules.
The number and diversity of bitter tastants indicate that several mechanisms of bitter transduction may be involved. It has been suggested that in addition to functioning as monomers, bitter receptors may operate as heteromeric receptors in order to accommodate this diversity (Andres- Barquin and Conte, 2004) . It is also possible that not all bitter tastants function via the G protein-coupled receptors; lipophilic bitter compounds and bitter salts may activate intracellular signals via alternative mechanisms (Andres- Barquin and Conte, 2004) .
As so little is currently understood about the relationship between bitterness and molecular structure, the bitter molecules are considered collectively here to identify distinguishing features on the bitter tastants. This may reveal structure-activity relationships and functional groups that can be investigated further. Molecular informatics techniques that identify structurally similar molecules are based on the similar property principle (Johnson and Maggiora, 1990 ). This states that structurally similar molecules tend to have similar properties, both physical and biological. Thus, grouping molecules according to their chemical structure allows identification of molecules that may share the same activity, in this case binding to specific bitter receptors.
The structures were studied through the construction of a phylogenetic-like tree (PGLT) (Nicolaou et al., 2002) , a tree of structural fragments that summarizes the structural features present in a database of molecules. This identifies the structural features on bitter molecules that differentiate them from non-bitter molecules; these are likely to be those features that are involved in binding to the bitter receptor. Although not previously used on taste molecules, PGLTs have been effectively employed to obtain structure-activity information from anti-HIV and bacterial mutagenicity data sets. In the present study the ability of the PGLT method to represent the database of bitter molecules to facilitate the identification of structure-activity relationships will be explored.
Previous research has included a general mapping of the three-dimensional arrangement of the bitter receptor active site (Tancredi et al., 1979) . Since the identification of the group of receptors responsible for mediating bitterness, many binding assays have been developed to identify ligands specific to the different bitter receptors (Bufe et al., 2002; Behrens et al., 2004) . Other groups have clustered molecules according to subject's sensitivities to them (Delwiche et al., 2001; Keast and Breslin, 2002) ; this is based on the assumption that if a number of subjects are similarly sensitive to a pair of molecules and another group of subjects is similarly insensitive, then the two molecules may share a common binding mechanism. Froloff et al. (1996) used a molecular modelling approach to identify common binding motifs for 14 different taste compounds (bitter and sweet). The structural distance between fragments representing the compounds was correlated with the difference in taste between the compounds.
An alternative molecular modelling approach is described here to identify structure-activity relationships for bitterness. A much larger data set of molecules will be analysed and a different method than that of Froloff et al. (1996) is used; by considering the structures of bitter molecules collectively, and comparing these structures with random molecules, key structural features associated with bitterness have been identified. This may help in our understanding of how these structures produce the bitter taste, how we can manage this (for example with masking), and how bitterness in compounds can be predicted.
Materials and methods
A database of bitter molecules was constructed from an extensive scan of scientific literature and patents, by conducting searches on bitterness in the Food Science and Technology Abstracts (FSTA, 2003) , BIOSIS (BIOSIS, 2003) , Derwent World Patents Index (WPIDS, 2003) and databases of internal reports. This led to over 2300 articles and patents being read to identify bitter molecules; the chemical name, structure and sensory quality of the identified compounds were put into the database. A molecule was considered bitter when it was reported as bitter. In the subsequent structural analyses, threshold data relating to the molecules was not considered due to the range of methods from the different sources of this data. Where possible, structures of bitter compounds were extracted from SciFinder (SciFinder, 2004) . Alternatively, structures were searched for within the Dictionary of Natural Products (DNP, 2004) and the World Drug Index (WDI, 2004), or they were constructed using ChemDraw (ChemDraw, 2001) . All structures were stored as SD files. Duplicates, salts and ions were removed from the data set, resulting in 833 bitter molecules to be used as the training set. A summary of the main structural groups in the training set is given in Figure 1 .
The database also contains a small number of lipid molecules, aglycones, ureas, and hop alpha and beta acids. As a number of peptides were extracted from the literature they were also included in this study. However, only those peptides containing less than five amino acids were used, as peptides with more amino acids are considered too large for comparisons with small molecules.
Two-dimensional molecular fingerprints were created for these 833 bitter molecules to enable cluster analysis. A fingerprint is a binary string describing the presence or absence of substructural features and atoms in a given molecule. Molecular fingerprints are commonly used to provide an effective way of storing and representing molecular structures computationally; Unity fingerprints (Unity, 2004) were utilized here.
Cluster analysis was employed to organize the database of bitter molecules into distinct groups based on their chemical structure, such that molecules in the same cluster are structurally similar and molecules in different clusters are structurally dissimilar. The clustering algorithm k-means (Hartigan and Wong, 1979) was used to partition the database of bitter molecules into 30 clusters. The resulting clusters were examined both manually through visual inspection of the structures and by calculating the degree of structural similarity between cluster members. The similarity measure employed was the Tanimoto coefficient (Jaccard, 1901) , a coefficient often used for the analysis of chemical structure data.
The phylogenetic-like tree (PGLT) is produced by generating a number of maximal common substructures (MCSs) from sub-groups, or clusters, of molecules within the database. A MCS is the largest substructure common to a group of structurally related molecules. Each of the substructures is organized into a tree, where at each node there is a substructure and hierarchical relationships exist between the nodes (and therefore substructures) of the tree. All molecules in the database are tested to determine whether they contain a particular substructure; those that do are added to the relevant node. The end result is a tree of molecular substructures that summarizes the structural components from the database. Thus, the target is for all of the chemical groups present in the database of bitter molecules to be represented by the PGLT. Examination of the different structural groupings can provide information about functional groups associated with bitterness. A simple example of a PGLT is given in Figure 2 . The nodes are labelled 1, 1.1 and 1.2, the accompanying substructures are given in the boxes, and three of the molecules from the database are labelled A, B and C. Nodes 1.1 and 1.2 are children of node 1, as they have been created from this parent node; all members of nodes 1.1 and 1.2 are also members of node 1. Molecules A, B and C are tested to determine whether they contain the substructure of node 1: molecules A and B do and are assigned to node 1. Molecule C does not contain this substructure and thus is not added to node 1. Molecules A and B are then tested to determine whether they contain the substructures of the child nodes of node 1. Only the parent node members are tested on child nodes so molecule C is not included here. Molecule A contains the substructure of node 1.1 and node 1.2, and thus is assigned to both of these nodes; molecule B has the substructure of node 1.2, and thus is assigned membership in node 1.2 only. There is no limit on membership in the PGLT;
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Amino acid (Meiselman and Halpern, 1970; Suzuki et al., 2002 ) Ishibashi, et al., 1988 molecules are assigned to all of the nodes with which they share a substructure.
The method followed to create the PGLT for bitter molecules is based on that described by Nicolau et al. (2002) and can be summarized as follows:
1. Perform cluster analysis on the whole data set (node members in subsequent runs). 2. Analyse clusters, exclude any with low internal similarity (using the Tanimoto coefficient). 3. Calculate the maximal common substructure (MCS) for each cluster; examine these and exclude any that are too similar to any already produced. These are the nodes' substructures. 4. Filter through molecules from the whole data set (parent node in subsequent runs) to find those that contain the MCS of each new node, assign membership to those that do. 5. All nodes with more than 10 members are considered ÔGOÕ nodes-further cluster analysis is performed (Steps 1-4) to produce more child nodes. Nodes with fewer than 10 members are terminal nodes, or ÔleavesÕ. 6. Once all of the nodes have been created, post-filter the data set of random molecules.
MCS identification and subsequent substructural filtering with the database of molecules was performed using PipeLine Pilot (PipeLine Pilot, 2004) . The inclusion of random molecules in the PGLT enables the identification of those substructures that are specific to bitter molecules. A database of non-bitter molecules would have been more suitable here, but as bitterness is poorly defined, there are no large data sets of non-bitter molecules. For this study a large database is required for the post-filtering stage; the Dictionary of Natural Products (DNP, 2004) was used to fulfil this role. Molecules were selected randomly from the DNP and all duplicates, salts, ions and known bitter molecules removed.
Results
Filtering a set of mainly random molecules through the nodes in the tree reveals information about which structural fragments are common to both bitter and random molecules and, more importantly, which substructures are more specific to bitter molecules. Of the 31 971 DNP molecules, 23 179 contained at least one of the substructures from the tree. The tree also contains a total of 758 bitter molecules; thus 3.2% of the molecules with membership in the tree nodes are from the bitter database. By considering the proportion of known bitter molecules in each of the nodes of the tree and comparing this to the proportion in the tree as a whole, important and significant substructures can be identified. Nodes considered in this study to be significant are those containing >20% bitter molecules, a six-factor significance level (when compared to the proportion of bitter molecules present in the whole tree). A proportion of bitter molecules in a given node greater than this threshold indicates that the corresponding substructure has effectively differentiated between bitter and random compounds. When examining the proportions in each of the nodes, the total membership must also be considered as the nodes differ largely in size. Nodes containing 2 or 100 molecules may have the same proportion of bitter molecules, but the significance of the node will be very different. Each node of the PGLT contains a group-defining common substructure and list of bitter and random molecules that contain this substructure. The tree contains a total of 116 nodes, that is 116 different substructures that are present in the dataset of bitter molecules. Only those nodes containing more than eight members are considered here; this leaves a total of 93 nodes. The substructures representing those nodes containing a significant proportion of bitter molecules are given in Figure 3 . Spatial constraints prevent the inclusion of all of the nodes; a number of substructures representing peptides have been excluded. Short peptides were included in the data set and thus peptide nodes were incorporated into the tree. For example, node 11 represents a class of short peptides containing phenylalanine, and node 25 represents those containing proline. However, the number of peptides in the DNP is very low and therefore there is not a fair comparison between the databases. Although short peptides were included in the original data set, they will not be considered in the results, as this method of structural analysis is deemed unsuitable.
As a very general rule, child nodes contain less members and more complex substructures than their parents. The substructures given in Figure 3 all contain rings, be it aromatic, heterocyclic or a simple ring. This may be important, but alternatively may reflect the large number of molecules in the bitter database containing ring structures. A small number of nodes, specifically number 3 from Figure 3 , contain 100% bitter molecules; thus none of DNP molecules contain the node substructure. Although this may suggest that the node substructure is important in bitterness, in this instance this is unlikely to be the case. Most of the bitter members of this node originate from one study (Gienapp and Schröder, 1975) in which analogues were synthesized for testing. It is therefore not surprising that there are no DNP molecules containing this substructure. In order to include as many structures as possible in the bitter dataset, synthetic molecules have not been excluded. Therefore, the source of bitter molecules must be considered when examining node members.
The substructures representing the nodes that contain a significant proportion of bitter members should be considered independently. As there are many receptors through which bitterness is mediated, there will be many different substructures that are able to activate them. The structural diversity of molecules able to produce a bitter taste indicates that no one single substructural group is able to confer bitterness.
Singletons
Seventy-five of the 833 bitter molecules contain none of the tree's substructures and therefore have no node membership in the tree. These molecules can effectively be considered singletons; they have unusual structures and share little similarity with the other bitter molecules. Nodes are only created where a few molecules share a common substructure; thus, molecules with unique or unusual structures are not included in the analysis unless they have structural features common to a number of other bitter molecules.
Four of the singletons from the tree are shown in Figure 4 . Many of the singletons are fairly small molecules; larger structures have an increased likelihood of containing one of the node substructures. Valine does not have a particularly unusual structure, but contains none of the substructures present in the PGLT. In addition, the amino acids alanine, cysteine and leucine contain none of the tree's substructures. Although a number of peptide-related nodes are present in the tree, these tend to include the peptide bond, which is absent in the amino acids. In contrast, acesulfame has an unusual structure and thus shares little structural similarity with the tree's nodes. However, acesulfame is important as it is a known ligand of the human TAS2R43 and TAS2R44 bitter receptors . Other singletons include a small number of glycol ethers, amines, diols, acetamides, the antibiotic streptomycin and the sweetener palatinit. The singletons were clustered to identify any additional structural groups that may be present. One small group was identified and added to the top layer of the tree. The remaining singletons do not share enough two-dimensional structural similarity with other bitter molecules to join any of the existing nodes, or to form new nodes. The singletons may be important bitter tastants, but little knowledge can be gained concerning their relationship between structure and activity (bitterness) using the PGLT method. Tables   R-Tables can be derived from the PGLT; an R-table details the effect on activity (in this case bitterness) of changing the substituents (or R-groups) attached to a common core structure. The tables were created from the individual nodes in the tree; the substituents of both bitter and random molecules are recorded to highlight structure-activity relationships within a given class. One such (summarized) R-table for a class of psoralens (node 17) is given in Figure 5 , along with the common substructure that defines the node. The psoralens are present in grapefruit juices. They tend to be present in higher concentrations earlier in the season and thus are associated with an immature flavour (Berry and Tatum, 1986) .
R-
This node contains 29% bitter molecules, with a total of 14 molecules from the bitter and DNP data sets containing this substructure. This proportion is considered significant and suggests the substructure representing the node compounds is associated with causing the bitter taste in some molecules. All but one of the bitter node members contain a hydrophobic chain at R1, varying alkyl chains are connected through a prenyl group to the oxygen atom. None of the random molecules contain a prenyl group at R1, and there is more variation than on the bitter molecules with some consisting of just a carbon atom and others containing sugar groups. In addition, many of the random molecules contain a group attached at R2. This suggests that this group may contribute to preventing binding to the bitter receptor, as none of the bitter molecules contain a substituent here. These molecules may require a hydrophobic portion, in the form of the R1 group, in addition to the psoralen ring structure for association with groups on one or more of the bitter receptors. 
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Multi-domain analysis
The PGLT incorporates the multi-domain nature of many molecules in that each molecule can be a member of all of the nodes with which it shares a common substructure. Thus, all the structural components on a particular molecule are being considered and information about each can be extracted. In addition, this allows for the identification of the smaller or under-represented chemical groups, as all molecules containing a specific substructure are included regardless of what other substructures they contain. Hesperidin, a flavonoid present in many citrus fruits, provides an example of a multi-domain compound. This molecule was found to contain eight of the substructures that form the nodes of the tree, and a selection of these are given in Figure 6 . Of the eight node substructures contained within hesperidin, only one contains a significant proportion of known bitter molecules.
The substructure representing node 20 is an assemblage of many of the substructures from the other nodes. A significant proportion of the molecules containing this substructure is known to be bitter. Individually, or where just two of the groups are present, the sugar moiety, benzene ring and oxane ring are not important in bitterness; however, linking the three groups together-as occurs in node 20-produces a substructure that can be considered significant. The relationship between structure and taste of the flavonoids has been well studied (e.g. Rouseff, 1980) . No single structural moiety on these molecules has been identified as accounting for the bitter taste and it is likely that more than one is involved. However, the link between the two sugar groups has been identified as very important, as has the positioning of substitutions on the rings. The node substructure presented here may also represent a key component required for bitter taste.
Functional groups
A general examination of the presence of particular structural moieties within the different node substructures can highlight those likely to be of importance in bitterness. Lactone rings were found to be present in six of the significant node substructures from the PGLT; two of these substructures are five-membered rings and the others six-membered (one of which contains a double bond). The substructures are given in Figure 7 , with the lactone ring highlighted in bold. All but one (node 30) of the lactone-containing nodes contain a high proportion of known bitter molecules, ranging from 27 to 46%; these proportions are given in Table 1 . The total sum of members in the different nodes varies a great deal, thus care must be taken in interpreting these results. However, the total number of molecules being considered is fairly large, due to the occurrence of lactone in many different node substructures.
Due to the multi-domain nature of the PGLT, some molecules have membership in more than one lactone node.
Thus to gain an overall proportion of bitter molecules containing the lactone ring only the unique molecules are considered. Where this is the case, 10% of the molecules containing a lactone ring are known to be bitter. However, this is largely due to the high number of random molecules containing five-membered lactones. If only six-membered rings are considered, then the proportion is 66%, which is clearly significant. This suggests that the six-membered lactone ring is associated more with bitterness than the fivemembered counterpart.
The presence of random molecules in the lactone nodes indicates that some lactone-containing structures do not produce a bitter taste. The lactone group may be associated with bitterness, but additional components on the molecules may enhance or inhibit the biological activity, resulting in different taste characteristics. For example, the psoralens ( Figure  5 ) all contain a lactone group, but the bitterness of these compounds depends on which R-groups are attached. This analysis suggests that in general the presence of a lactone group in a molecule can be associated with a bitter taste.
Discussion
The present study offers an alternative approach to the characterization of bitterness, and the methods followed may be used for the analysis of other data sets. Bitter molecules are classified according to whether they produce a bitter taste; human perception of this diverse range of molecules is the same, independent of which bitter receptor the signal is mediated through . Although ligands for a few of the bitter receptors have been identified (Bufe et al., 2002; Behrens et al., 2004; Pronin et al., 2004) , most known bitter molecules have not been associated with a specific receptor. Collective examination of the molecules identified as producing a bitter taste response has enabled the identification of key structural groups and possible structureactivity relationships.
The database of 833 bitter molecules is used to represent existing bitter molecular structures; nevertheless, it is impossible to calculate how effectively, in total numbers and diversity, it achieves this. This limits the scope of the study; however, the database provides a fair representation of the bitter molecules that have been reported and thus those that can be considered important or interesting. Due to the large range of sources of the molecules in the database, it is likely that there will be false positives present; this is a limitation of obtaining information in this way. However, the PGLT is, to a degree, robust against the presence of false positives, as only those molecules that share structural similarity with other molecules are included in the tree.
The inclusion of a dataset of random molecules is key to identifying those structural features that are able to distinguish bitter molecules. Ideally, a data set of known non-bitter molecules would have been used to enable the identification of specific differences between bitter and non-bitter molecules, but this is not available. It is likely that the Natural Products test set contains some bitter molecules (false negatives), but all known bitter molecules were removed.
The PGLT generation and test data filtering is twodimensional in nature. The PGLT method considers the connectivities between the atoms in molecules, identifying groups of molecules with atoms connected in a similar way. This limits the relationships that can be identified between structure and activity as the three-dimensional spatial arrangement of the molecules defines receptor binding. However, three-dimensional methods are not well suited to analysis of such a large diverse data set; they will become important when analysing smaller, more specific groups of molecules. The two-dimensional methods employed provide an ideal starting point to identify relationships between twodimensional structure and activity.
This method is difficult to validate as the PGLT is providing a representation of the bitter database and representations are subjective in nature. The PGLT was employed here as an exploratory tool to investigate the molecular structures that may be associated with bitterness. As so little is understood about the structural basis of bitterness, it is difficult to measure how effectively the PGLT has identified these structural features. An alternative is to check the literature for the relationships found. The specific structural features described in relation to the psoralens and hesperidin have not previously been described in the literature; thus, these are novel relationships that should be tested. Alternatively, the lactones have been described as being bitter (Belitz and Wieser, 1985) ; with valerolactone (six-membered lactone) exhibiting more bitterness than butyrolactone (fivemembered lactone). As described above, the PGLT identified the lactone-containing nodes to be bitter; thus for this group of molecules the relationship identified from the tree is in agreement with those determined experimentally.
Numerous cluster analyses were performed on the bitter database for the initial tree generation, to find the set of clusters that most effectively represents the data. All of the structural groupings produced by these sets of clusters were present in the PGLT; the PGLT also contains substructures that were not identified through the cluster analyses. This suggests the PGLT has provided a suitable representation of the molecules from the bitter database. Furthermore, it has enabled the identification of many structural features that are likely to be important in bitterness. As mentioned above, the results obtained from the PGLT are dependent on the data sets used to create and test the tree. Alternative random data sets were filtered through the tree to test whether the same nodes would be highlighted as significant. An alternative selection from the DNP and a dataset of molecules from the World Drug Index (WDI, 2004) were filtered through the PGLT; both new test sets were similar in size to the original DNP test set. On the whole, the same nodes originally identified as significant were highlighted in the additional tests as containing a significant proportion of bitter molecules.
The PGLT has identified structural fragments that may be associated with bitterness. Many of these substructures have not previously been linked with bitter taste and thus should be tested to determine the nature of the relationship. In particular, as different bitter receptor assays become available, different substructures can be tested as ligands, and the results compared with sensory panels. All of the structures given in Figure 3 warrant further study to determine how the molecules containing these groups exert the bitter taste. In addition, the random members of these nodes should be considered to discover how they are prevented from exerting the bitter taste. Such understanding can help in identifying natural functional ingredients that are optimized for desired health effects but minimal bitterness through the selection of required structural groups.
Additional bitter molecules that are identified can be added to the nodes by filtering through the tree; thus, as the discovery of new bitter molecules continues, the bitter tree can be updated. In addition, other molecules of interest can be filtered through the tree in an attempt to identify new relationships; for example, bitter maskers can be filtered through the tree to discover which molecules they may be able to mask. The bitter molecules from specific nodes may be used for three-dimensional modelling studies such as pharmacophore identification to characterize the spatial arrangements of the groups when they bind to the bitter receptor.
Conclusion
In summary, this report demonstrates the use of a PGLT to analyse a data set of bitter molecules. By organizing the chemical structures present in the database of bitter molecules as a PGLT, interesting chemical series have been identified and relationships between structure and bitterness have been defined. Some of the structure-activity relationships correlate with those already reported in the literature; alternatively, others have not previously been reported and thus can serve as a starting point in investigating general relationships between structure and bitterness and strategies to prevent bitterness.
